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A simulator using a coupled Schro¨dinger equation, Poisson equation and Fermi–Dirac statistics to
analyze inversion layer quantization is shown to match the measured capacitance versus voltage
data of thin oxide gate metal-on-insulator capacitance closely. The effects of bias voltage, oxide
thickness and doping concentration on the charge centroid are presented. A simple empirical model
for the alternating current charge centroid of the inversion layer is proposed. This model predicts the
in-version layer capacitance or charge centroid in terms of Tox ~oxide thickness!, Vt ~threshold
voltage!, and Vg ~gate voltage! explicitly. © 1998 American Institute of Physics.
@S0003-6951~98!01326-6#As metal-on-insulator field-effect transistors
~MOSFETs! are scaled to deep submicron dimension, the
oxide thickness is correspondingly reduced. In the thin oxide
regime (,10 nm), the effect of channel quantization is in-
creasingly important. Many studies have been presented on
the effect of quantization on the MOSFET’s performance
and characterization.1,2 In the thin oxide regime, a better
quantitative understanding of MOS capacitance is increas-
ingly important. The classical model for solving the inver-
sion charge distribution predicts that the charge peaks at the
interface and overestimates the capacitance. The conven-
tional method of oxide thickness estimation using C – V mea-
surements without including quantization of the inversion
layer results in a higher value of oxide thickness, the electri-
cal thickness. Several correction methods were proposed,3,4
however, these studies lack universal quantitative expression
for the correction term. It is known that due to the quantiza-
tion of the inversion layer, the peak of the charge may be
tens of angstroms away from the interface, contrary to the
classical solution which suggests that the peak charge den-
sity is right at the Si/SiO2 surface. An approximate theoreti-
cal solution of the Schro¨dinger and Poisson equations for the
average position suggests Xdc}(Qb1 1132Q inv)2 1/3, where
Qb , Q inv are the total bulk charge and the inversion charge
in the substrate, respectively.5,6 However, there is no simple
analytical model to quantitatively predict the average charge
location. In this work, we developed a one-dimensional
simulator using a self-consistent method by solving Schro¨-
dinger, Poisson equation and Fermi–Dirac statistics, itera-
tively. We propose an empirical model from the simulation
results that can express the ac charge centroid Xac , due to
quantization by Vg , Vl , Tox , explicitly. Using this simple
a!Electronic mail: kingyc@eecs.berkeley.edu3470003-6951/98/72(26)/3476/3/$15.00
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ing practices and to circuit simulation models.
The simulator solves the Schro¨dinger equation, Poisson
equation and Fermi–Dirac distribution self-consistently. The
six equivalent band valleys are included for the calculation
of the density of states. The wave function is assumed to be
zero both at the oxide interface and deep in the substrate. The
substrate, ^100& silicon is assumed for all cases. The gate
electrode is set to be n1 poly-silicon where gate depletion is
included in the simulations. The substrate doping ranges
from 231016 to 231018 cm23 and oxide thickness from 50
to 150 Å.
The MOS capacitance ~C! is the oxide capacitance, the
poly-depletion capacitance and the inversion layer capaci-
tance in series:
C5
eox
Tox
1
esi
Xpoly-depl
1
esi
Xac
, ~1!
FIG. 1. Comparison of measured C – V data and simulation results of clas-
sical solution, quantization effect and poly-silicon depletion. Notice that in
strong inversion, with Tox55.7 nm, substrate doping5231017 cm23, quan-
tization effect contributes to about 10% reduction to of Cox which corre-
sponds to the oxide correction term, DTox56 Å.6 © 1998 American Institute of Physics
license or copyright; see http://apl.aip.org/about/rights_and_permissions
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The ac centroid of the inversion Xac , charge is defined as the
following:
Xac[
*Dr~x !xdx
*Dr~x !dx , ~2!
where Dr(x) is the charge density variation due to a small
change in gate voltage.
Xac>
Xdc8 Q inv8 2XdcQ inv
DQ inv . ~3!
Since Xdc8 5Xdc1DXdc , Q inv8 5Q inv1DQ inv,
Xac5Xdc1Q inv
DXdc
DQ inv 5Xdc1Q inv
dXdc
dQ inv . ~4!
From the approximated theoretical solution,6 we know that
Xdc;(Qb1 1132 Q inv)21/3. After some simplification, the rela-
tion becomes
Xac;~Q inv13Qb!21/3S Q inv14.5QbQ inv13Qb D . ~5!
Similar to the mobility model based on Tox , Vg , Vt ,7 with
the approximation of Qb'CoxVg for n-MOSFET and Q inv
'Cox(Vg2Vt) in strong inversion, Xac becomes
FIG. 2. Ac charge centroid is plotted against gate voltage for several sub-
strate doping concentrations. Threshold voltage for each curve is labeled on
the plot to show the valid point for model fitting.
FIG. 3. Xac is shown to be a universal function of approximated Vg1Vt for
the same oxide thickness. On the right axis, the oxide correction term DTox
is presented which can be as high as 10 Å for devices with lower substrate
doping density and low Vg .Downloaded 17 Jan 2012 to 140.114.195.186. Redistribution subject to AIP Xac;S Vg12VtTox D
21/3S Vg13.5VtVg12Vt D;S Vg1hVtTox D
21/3
.
~6!
The second term in the product varies between 1.5 and 1.2
from Vg5Vt to Vg56Vt , therefore, h is expected to be less
than 2.
Using this simulation, we are able to generate the C – V
characteristics including the quantization effect and poly-
depletion. As shown in Fig. 1, the measured C – V data are
compared with simulation results. The oxide thickness indi-
cated and used for simulation is obtained by optical measure-
ment. The classical model exhibits a large discrepancy with
the measured data. In the strong accumulation regime, there
is about a 10% difference between Cox and eox /Tox with Tox
from the optical measurement due to the quantization effect.
Another 10 discrepancy is contributed by poly-gate depletion
in the strong inversion region. The discrepancy becomes
even worse if a thinner oxide is used. When the quantization
effect of the inversion layer and poly-depletion are included,
the simulated results match very well with the measured
C – V data, which proves the accuracy of our simulator. Fig-
ure 2 shows that higher doping concentration puts the charge
centroid closer to the interface. This can be explained by the
stronger substrate electric field resulting in a tighter confine-
ment of the charges. Considering the operation condition of
the device, Vg.Vt and Eox ~oxide electric field! ,6
3106 V/cm, the points beyond these two boundaries are
eliminated in the subsequent figures. Figure 3, shows that the
FIG. 4. Combining Tox in the expression, this plot shows curves with dif-
ferent Tox reduce to one universal curve when (Vg1Vt)/Tox is used as the
x-axis variable.
FIG. 5. Complete model of Xac fitting curves of 15 different combinations of
substrate doping and Tox .license or copyright; see http://apl.aip.org/about/rights_and_permissions
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plotting Xac against Vg1Vt . Figure 4 shows the curves for
different Tox can also be unified when Xac is plotted as a
function of (Vg1Vt)/Tox , which is similar to the theoretical
expression above. To prove this point, a plot including 15
curves of Xac versus (Vg1Vt)/Tox for five different doping
densities and three different oxide thickness is shown in Fig.
5. One universal expression fit all 15 curves except for the
case of low doping concentration combined with thin oxide
thicknesses that are not the normal practice. The final semi-
empirical fit for Xac from the self-consistent simulations is
Xac56.231025S Vg1VtTox D
20.4
cm, ~7!
where Tox is also in cm. A universal expression for the ac
charge centroid in terms of Tox , Vt and Vg is proposed forDownloaded 17 Jan 2012 to 140.114.195.186. Redistribution subject to AIP the quantization effect on the inversion layer of the n-type
MOSFET. This model is suitable for MOSFET circuit simu-
lation models. The inversion layer adds the equivalent of 4 or
5 Å to the electrical oxide thickness in C – V plots in strong
inversion.
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